Introduction {#sec1-1}
============

In 1892, Julius Wolff postulated that bone is a dynamic tissue that adapts to meet the physical demands of its external environment\[[@ref1]\]. Reduced mechanical loading from spaceflight, immobilization, aging, and injury all lead to a decreased bone density and strength. Prolonged microgravity associated with spaceflight can cause the loss of bone density at a rate of 1-2% per month\[[@ref2]\]. Mechanical disuse causes osteoporosis and, on the other hand, physical activity is known to increase bone mass and density. Up to now the strategies addressing the issue of skeletal fragility fail to take advantage of the intrinsic ability of bone tissue to adapt to external forces, which relies on the close orchestration of both formation and resorption in those specific sites of the skeleton that are subject to specific loads. It is well known that skeletal response to greater physical stresses results in larger and stronger bones\[[@ref3]\], a response achieved by site-specific adaptations rather than an overall skeletal change\[[@ref4]\]. Conversely, reduced physical demands, such as those associated with chronic immobilization or the consequences of aging, will accelerate losses in bone quantity and quality, and the following osteopenia can lead to increased risk of fracture, and eventually to a loss of independence. Mechanotransduction, the process by which cells convert mechanical energy, including electromagnetic energy, gravity, tension, compression, and shear, into electrical and/or biochemical signals, is important to maintain adult bone health and homeostasis. Theoretically, all eukaryotic cells are probably mechanosensitive and physical forces influence growth and remodeling in all living tissues at the cellular level. Understanding the molecular pathways governing the ability of bone to respond to functional demands should lead to novel therapeutic strategies for musculoskeletal disorders, from optimized exercise regimens to drugs that exploit key signaling molecules involved in mechanosensitivity. Although it is not possible to encompass the entire field of mechanosensing and transduction, our purpose is to provide a perspective towards the multiplicity, and complexity, of signaling systems that respond to mechanical input. The first part of this review we will consider the fundamentals of bone remodeling and mechanotransduction in bone and in the latter parts we will review the current data regarding the sensing, transduction and intracellular processing in skeletal cells, as well as the knowledge gap in the mechanisms involved, which are now enlisted in the new discipline of "mechanomics".

  Abbreviations   
  --------------- ----------------------------------------------------
  *Akt*           protein kinase B
  *MAPK*          mitogen activated protein kinase
  *FAK*           focal adhesion kinase
  *GTPase*        guanine triphosphatase
  *MSC*           mesenchymal stem cell
  *RANKL*         receptor activator of NF kappa B ligand
  *GSK3β*         glycogen synthase kinase 3 beta
  *mTOR*          mammalian target of rapamycin
  *PGE2*          prostaglandin E2
  *COX-2*         yclooxygenase 2
  *LCS*           lacuna-canalicular system
  *ECM*           extracellular matrix
  *GEF*           guanine exchange factor
  *ERK1/2*        extracellular signal-regulated kinases 1/2
  *PC1*           polycystin 1
  *PC2*           polycystin 2
  *STAT6*         signal transducer and activator of transcription 6
  *PKA*           protein kinase A
  *PI3K*          phosphoinositide 3-kinase
  *Cx43*          onnexin 43
  *VSCC*          voltage sensitive calcium channel
  *JNK*           -Jun N-terminal kinases
  *SH2*           Src homology 2 domain
  *c-Src*         hicken sarcoma gene
  *Grb2*          growth factor receptor-bound protein 2
  *Ras*           rat sarcoma gene
  *RhoA*          ras homolog gene family member A
  *ER*            estrogen receptor
  *Sost*          sclerostin gene

Basic aspects of bone architecture {#sec1-2}
==================================

The human skeleton is composed of cortical and trabecular bone. Cortical bone is found primarily in the cortex of long bones, whereas trabecular bone is prevalent in the ends of long bones surrounded by a cortical bone shell. Cortical and trabecular bone differ in their porosity where the former ranges between 5% to 10%, and the latter between 50 to 90%. As such the mechanical properties of these two types of bone vary significantly. Cortical bone is comprised of repeating structural units known as osteons, which are made of concentric interconnected rings of osteocytes, the most abundant cell type in bone. Osteocytes are buried in the bone matrix in the lacunae, while their long cell processes connected in a three-dimentional pattern to other osteocytes via gap junctions, to bone surface lining cells and cells within the bone marrow through narrow channels called canaliculi\[[@ref5],[@ref6]\]. The resulting network is known as the lacuno-canalicular system. In fact there are three kinds of porosities in cortical bone: a) vascular porosity containing blood vessels, nerves and interstitial fluid in osteonal lumens and Haversian canals; b) lacunar-canalicular porosity and c) collagen-apatite porosity of the bone extracellular matrix ([Figure 1](#F1){ref-type="fig"}).

![Bone tissue anatomy and cellular architecture. (A) Macroscopic bone tissue anatomy: osteon, osteocyte, and cytoplasmic processes. (B) Schematic representation of an osteocyte. Osteocytes are embedded into a mineralized bone matrix surrounded by three different and communicating porosities.](JMNI-16-221-g001){#F1}

The space surrounding the osteocytes is filled with an interstitial fluid that moves upon mechanical loading of bone. In contrast, the collagen-apatite porosity is not interconnected and the water found in the pores is tightly bound\[[@ref7]\]. In the absence of external applied forces, diffusion-based molecular transport of only small molecules takes place from vascular capillaries to the lacunar-canalicular porosity\[[@ref7]\]. Trabecular bone, besides inter-trabecular space also has collagen-apatite and lacunar-canalicular porosities.

The bone porosity with the largest, but quite variable, characteristic linear dimension (up to 1 mm) is associated with cancellous bone and is referred as inter-trabecular porosity of cancellous bone. It is the porosity external to, and surrounding, the trabeculae. This porosity is connected to the medullary cavity and may contain marrow, fat and blood vessels. The characteristic linear dimension of this space varies with anatomical location. It is smaller near the load-bearing surfaces and increases to its greatest magnitude near the medullary canal. This porosity contains also fluids or gels. The viscosity of these fluids is not uniform, but generally is two orders of magnitude larger than the viscosity of fluid in other types of porosity. More recent data have shown that the overall bone permeability is strongly affected by the pore fluid viscosity, which, in case of polarized fluids, is strongly increased due to the presence of electrically charged pore walls\[[@ref8]\].

 {#sec2-1}

### Mechanical loading in bone {#sec3-1}

Bone cells are tightly coupled to their extracellular environment in a complex dynamic fashion to biophysical stimuli that includes gravitational force, strain, stress, shear, pressure, fluid flow, streaming potentials, acceleration and damage. While it may not be possible to separate specific effects of each of these factors, it is clear that several of these parameters independently have the ability to regulate cellular responses and influence remodeling events within bone. Furthermore, components of these specific factors --- such as magnitude, frequency, strain rate --- also affect the cellular response. In order to characterize the overall mechanism by which bone mass is adjusting to physical forces by means of longitudinal growth, modeling or remodeling Harold Frost\[[@ref9]\] coined the term "mechanostat".

Frost suggested the existence of a homeostatic regulatory mechanism in bone responsible for sensing changes in the mechanical demands placed on bone and subsequently altering the mass and conformation of bone to better meet these new mechanical demands. Specifically, Frost postulated that several mechanical thresholds control whether bone is added or taken away from the skeleton. He theorized that below a certain threshold of mechanical use, bone is resorbed, and is therefore rid of excess mass. Above another threshold, in which bone is exposed to greater than typical peak mechanical loads, bone formation occurs on the existing structure to increase bone strength\[[@ref9]\].

According to this mechanostat hypothesis non-physical factors (e.g. cell-cell interactions, hormones, blood pH, minerals, disease, etc.) are needed to control bone adaptation mechanisms, while physical and mainly mechanical factors are needed to temporally and spatially guide these processes. Furthermore, while non-mechanical factors can promote or hinder the guidance of bone adaptation processes, they cannot replace the role of mechanical factors, for example by maintaining bone structure and strength in immobilized patients.

To determine the effect of mechanical forces on bone remodeling, it is important to understand how bone cells experience these forces in their native environment. Since Piekarski and Munro's original proposal\[[@ref10]\], there has been increasing evidence from mathematical and experimental models suggesting that mechanical forces on bone induce fluid flow in the lacunar-canalicular porosity\[[@ref11],[@ref12]\]. Structural models of osteocytic processes and the pericellular matrix suggested that fluid flows in the lacunar-canalicular system in an oscillatory pattern, where changes in matrix deformation during repeated loading and unloading causes oscillatory fluid displacement generating direct cell strain. Zhang et al.\[[@ref13]\] estimated that the fluid component could transfer as much as 12% of the imposed mechanical load and produce peak pressures of 2-3 MPa. In one study using fluorescence recovery after photobleaching (FRAP) in combination with computational modeling, fluid flow in the lacunar-canalicular system of mechanically loaded bone has been measured in real-time and predicted the peak canalicular fluid velocity to be 60 µm/s in loaded bone, with a peak shear stress at the osteocyte process of 5 Pa\[[@ref12]\]. Mechanical forces on bone can also impose hydraulic pressure on osteocytes in the lacunar-canalicular system. Normal walking, modeled as oscillatory hydraulic compression loading of 0-18 MPa at 1 Hz, was translated to be 0.27 MPa of cyclic hydraulic pressure (CHP) in the lacunar-canalicular system\[[@ref13]\].

### Strain amplification in osteocytes {#sec3-2}

Locomotion induces tissue-level strains that are typically below 0.2% (2000 microstrain). Since *in vitro* findings indicate that cellular-level strains greater than 0.5%, which would normally cause bone tissue damage, are required for intracellular signaling, it has been proposed that osteocytes possess the machinery for strain amplification through the ultrastructural features in their cellular processes, where proteoglycan-based tethering elements attach the cell processes to the canalicular wall ([Figure 2](#F2){ref-type="fig"}). Fluid flow due to bone deformation would impose drag forces on the tethering elements, thereby producing a hoop strain on the process membrane and underlying central actin filament bundle. Although, the cell body is more mechanoresponsive as it is less stiff, fluid shear stress *in vivo* is at least two orders of magnitude higher on processes than the cell body since the pericellular space in lacunae is much larger than in canaliculi\[[@ref14]\]. Yet less is known about the mechanosensory organs of osteocytes as cells in culture lack their native extracellular environment and tethering elements necessary for the strain amplification model; hence *in vitro* results from fluid shear stress experiments must be interpreted with caution. In addition to their cell bodies and processes, osteocytes are able to sense mechanical stimuli through actin to extracellular matrix attachments by means of integrins and CD44 receptors on the cell membrane\[[@ref15]\]. Integrins have also been suggested to be associated with stretch-activated ion channels and hemichannels\[[@ref16]\] to convey fluid shear stress to the cytoskeleton\[[@ref17]\]. It has been shown that the formation of strong integrin attachments requires the presence of the glycocalyx of the osteocyte dendritic process\[[@ref16]\]. Wang et al. applying a theoretical model predicted that tensile forces acting on the integrins are \<15 pN providing stable attachment for the range of physiological loadings\[[@ref18]\]. Their model also predicted that axial strains caused by the sliding of actin microfilaments in the fixed integrin attachments are an order of magnitude larger than the radial strains and two orders of magnitude greater than whole-tissue strains and thus are able to open stretch-activated cation channels\[[@ref18]\].

![(A) Transverse cross-section of a structural model for a cell process in a canaliculus attached to a focal attachment complex and tethered by the pericellular matrix. (B) Longitudinal cross-section of the deformed transverse tethering elements and sliding actin filaments.](JMNI-16-221-g002){#F2}

Osteocytes also seem to sense loads through primary cilia, which are solitary immotile microtubule-based cellular projections that deflect in the presence of fluid flow and are necessary for bone homeostasis\[[@ref19]\]. The location of the primary cilium, i.e. on the osteocyte cell body, makes it difficult to have a role as a flow sensor for osteocytes *in vivo*, because loading-induced fluid flow will primarily occur around the osteocyte cell processes. Bell et al., suggested that cells sense hydraulic pressure by using the primary cilium as a sensor of hydrostatic pressure, but the exact mechanisms have not yet been completely verified\[[@ref20]\].

### Mechanoregulatory function of osteocytes {#sec3-3}

Mechanical stimulation has been demonstrated to be necessary for maintaining osteocyte viability, whereas the absence of mechanical loading causes osteocyte apoptosis\[[@ref21]-[@ref23]\]. In fact, mechanical strain has been shown to elicit a biphasic relationship with osteocyte viability *in vivo*, where apoptosis was reduced by 40% at strains of 0.003 or 0.004 but increased eight-fold at microdamage-inducing (i.e., fatigue loading) strains of 0.008\[[@ref21]\]. The percentage of bone resorption surfaces has also been found to be directly correlated to strain-induced osteocyte apoptosis *in vivo*, suggesting that apoptosis may be a targeting mechanism for inducing a bone resorption response\[[@ref21],[@ref24]-[@ref26]\]. Moreover, osteocyte-ablated mice did not develop osteoporosis in the absence of mechanical loading\[[@ref27]\], suggesting that osteocytes are responsible for unloading-related bone loss. While it is not clear why osteocyte apoptosis is regulated by mechanical loading, an analytical model has suggested that regions of osteocyte apoptosis in fatigue-loaded bone correspond to reduced fluid flow\[[@ref28]\]. It is well known that fluid flow is a critical solute transport mechanism in bone, and that diffusion alone is not sufficient for molecular (and, hence, nutrient) transport to osteocytes in the lacunar-canalicular system\[[@ref10]\].

Models examining the direction of the flow showed that the load-induced fluid flow is directed radially from the cement line toward the osteonal central canal, and that the relaxation time for this flow correlated with the decay of streaming potentials when the molecular sieve for the matrix is about the size of albumin molecules (7 nm)\[[@ref29]\]. This theoretical model was confirmed by Wang et al.\[[@ref7]\] who showed the bone's interstitial fluid pathway *in vivo* using tracers of various sizes. These elegant studies confirmed the importance of mechanically induced flow for the transport of metabolites to and from osteocytes in an osteon, to ensure osteocyte viability. Also, tracer studies show that the size of the molecular sieve is \~6 nm\[[@ref30],[@ref31]\], and easily allows the passage of microperoxidase (\~2 nm), and that a small tracer, such as procion red (\~1 nm), is confined within the boundaries of the LCS\[[@ref32]\].

Mechanosensors {#sec1-3}
==============

A mechanosensor may be defined as any cellular product or structure capable of detecting alterations in a variety of external or internal forces. Mechanosensors exist in nearly every cell type and are responsible for many essential functions. The ability of cells to perceive the mechanical signals from the environment requires either direct contact of the mechanosensor with the extracellular space, or its ability to detect changes in an interfering medium as e.g. pressure, gravitational field or fluid shear on the plasma membrane. These sensors constitute a group of specific receptors that respond to external force with conformational change and can be proteins, primary cilium or composite cellular structures that interact with cellular proteins, alter the composition of membrane lipids or interact with components of the extracellular matrix or cytoskeleton. Although in many cellular models it is suggested that a single mechanosensor is responsible for specific cellular responses, it is more likely that many of these receptors participate to the final response of the cell to its environment. In this part, we consider current knowledge about cellular candidates of mechanosensing.

 {#sec2-2}

### Integrins and ECM proteins ([Figure 3](#F3){ref-type="fig"}) {#sec3-4}

![Schematic of co-ordidated actions and responses of integrins, lipid rafts and cadherins involved in osteocyte mechanobiology. *(See text for details)*.](JMNI-16-221-g003){#F3}

Integrins are heterodimeric protein complexes that connect the cell to the pericellular environment by spanning the plasma membrane and forming adhesions with the adjacent tissues or cells. The binding of ligands to the extracellular domain of integrins may transmit signals activating intracellular signaling, while modification of intracellular domains also regulates the binding affinity of extracellular molecules. The integrin dimers are composed from α and β subunits, both of which carry intracellular domains. Activation of this heterodimer causes a conformational change in the β-subunit. β1 integrin plays important roles in both osteoblasts and osteocytes. Osteoblasts exposed to fluid flow shear stress up-regulated β1 integrin expression and activated αvβ3, which co-localized with shc\[[@ref33]\]. Integrins can connect with other adhesion-associated tethering proteins to form adhesions capable to mediate mechanotransduction signaling cascades. The ECM proteins include talin\[[@ref34]\], p130Cas\[[@ref35]\], paxillin and focal adhesion kinase (FAK). Talin and paxillin enchain to the focal adhesion binding sequence of FAK and talin associates with the cytoplasmic tail of β integrins\[[@ref36]\]. Paxillin binds to the cytoplasmic side of the focal adhesion initiating signals since it is a substrate for FAK and src kinase\[[@ref37]\]. The p130Cas, promotes association of src family kinases during cell stretching\[[@ref35]\]. The FAK tyrosine kinase congregates in areas close to focal adhesions\[[@ref38]\] and its activation induces integrin concentration\[[@ref39]\]. These focal adhesion adapter proteins probably modulate external signaling in cooperation with integrins. Newer studies have shown the spatial location of integrins in the osteocyte LCS\[[@ref40]\] and their ability to modulate fluid shear stress-mediated gene expression.

### The tethering elements ([Figure 2](#F2){ref-type="fig"}) {#sec3-5}

Tethering elements are transverse and elongated proteoglycan molecules that extend across the pericellular space of the osteocyte, connecting the mineralized matrix to the membrane of the cell and its processes\[[@ref41]\]. The transverse tethering elements seem to be involved in sensing fluid movement\[[@ref42]\]. Current research has demonstrated that the heparan sulfate proteoglycan perlecan is present along the cell membrane of the osteocyte. Also, in a recent study, the number of transverse tethering elements was significantly reduced in mice that were deficient in perlecan\[[@ref43]\]. It is possible that perlecan cross the pericellular space of the osteocyte canaliculi tethering the cell to the ECM. Perlecan possibly regulates the size of the pericellular space of the osteocyte canaliculi, as the canalicular space was significantly reduced in the perlecan-deficient mice. The presence of numerous regulatory regions in the protein core of the perlecan molecule provide to this molecule with the ability to interact with several membrane receptors that mediate the adjustment of osteocytes to dynamic flow shear stress\[[@ref43]\].

### Cytoskeleton and focal adhesions {#sec3-6}

Cytosceletal proteins support the mechanical strength of the cell and when extracellular forces are applied, signals are directly transmitted on the cytoskeleton which in turn regulates the perception and adaptation of the cell to mechanical or gravitational force. Fluid shear stress across osteoblasts induces reorganization of actin filaments into contractile stress fibers\[[@ref44]\] while disruption of the actin cytoskeleton modifies the response of bone cells to fluid shear stress\[[@ref45]\]. Furthermore, enhancement of actin polymerization induces osteogenic differentiation\[[@ref46]\]. Focal adhesions on the other hand are macromolecular proteins that connect the cytoskeleton and the pericellular space, mediating regulatory effects on cell behavior\[[@ref47]\]. These adhesion sites contain transmembrane integrins as well as, a collection of associated adhesion proteins forming a macromolecular mechanotransducer complex. The connection of focal adhesions to the actin fibrils transmit the exerted force throughout the cell, activating simultaneously several signaling pathways. It has been shown that cells respond to mechanical challenge by forming focal adhesions, which provide a cytoskeletal pathway for signal enhancement through the β-catenin cascade. Repeated mechanical challenge induces cytoskeletal adaptation with formation of new focal adhesions/mechanotransducer complexes that generate an amplified signal. It appears that focal adhesions contribute to precursor recruitment through their attachment with cytoskeletal structure\[[@ref48]\].

### Plasma membrane structures {#sec3-7}

Various types of lipids, tethering and transmembrane protein molecules, lipid rafts and caveolar formations has been shown to form flexible adjustable signaling facilities within the plasma membrane.

[Lipid rafts and membrane proteins *([Figure 3](#F3){ref-type="fig"})*]{.ul}

Lipid rafts are highly organized and dynamic assemblies of glycosphingolipids and cholesterol forming intra-membrane domains which are able to coordinate the association of signaling molecules such as GTP-binding proteins, kinases, and integrins. Recruitment of regulatory molecules in one location gives lipid rafts the ability to create the appropriate concentration of signaling effectors whereby crosstalk and directionality of signals can efficiently occur\[[@ref49]\]. It has been shown that cholesterol depletion of lipid raft micro-domains prevents activation of the small GTPase H-Ras required for the anti-osteoclastic effects of mechanical strain\[[@ref50]\]. Furthermore, lipid rafts are substantial for hydrostatic pressure and fluid shear stress-induced activation of ERK1/2 and c-fos expression in osteoblasts\[[@ref51]\]. Lipid rafts can be categorized as caveolar or non-caveolar. The presence of caveolin proteins produces the characteristic caveolar invaginations, and through binding sites, allows close associations of proteins into signaling complexes\[[@ref52]\]. One possible explanation for the regulation of caveolae-induced intracellular signaling is that ECM-associated molecules are clustered with signaling effectors. Indeed, caveolae are important for β1 integrin-mediated mechanical activation of the Src-like kinase Csk\[[@ref53]\]. Previous studies also demonstrated that fluid flow stimulated nitric oxide (NO) production from caveolae-associated endothelial nitric oxide synthase (eNOS)\[[@ref54]\]. Furthermore, a recent study identified caveolin-enriched membrane fractions as important structures necessary for proper growth factor-mediated signaling in osteoblasts\[[@ref55]\]. It has been shown that cholesterol depletion attenuates integrin-dependent caveolin-1 phosphorylation, Src activation and Csk association with β1-integrin, supporting the concept that β1-integrin mediated mechanotransduction is mediated by caveolar domains. Caveolin-1 regulates the mechanical properties of bone *in vivo* as well: caveolin-1 knockout mice display increased bone formation rate at trabecular and cortical sites. This appears to involve the ability of caveolin-1 to chronically restrict osteoprogenitor recruitment\[[@ref56]\], perhaps through limiting the availability of β-catenin\[[@ref57]\]. It has also been shown that lipid rafts may orchestrate nongenomic estrogenic effects not limited to membrane ER. In fact, recent findings indicate that under certain stimulation, raft-like microdomains located on mitochondria, may contribute to apoptosis-associated signaling\[[@ref58]\]. ERb has been detected in mitochondria where probably could mediate certain estrogenic actions such as Ca2+ influx, ATP production, apoptosis, and free radical species generation\[[@ref59],[@ref60]\].

[Cadherins and other cell-cell connections *([Figure 3](#F3){ref-type="fig"})*]{.ul}

Cadherins are a family of integral membrane glycoproteins composed of a long extracellular domain, a single-pass transmembrane domain, and a small, intracellular c-terminal tail. The intracellular domain anchors the cadherin to the cytoskeleton by associating with multiprotein complexes that include vinculin, α- and β-catenin\[[@ref61]\]. These transmembrane anchoring systems are important in numerous processes including differentiation, cell polarity, immune response, cell division and apoptosis.

[Ephrins *([Figure 3](#F3){ref-type="fig"})*]{.ul}

Eph receptors belong to a subfamily of receptor tyrosine kinases activated by ligands called ephrins. Generally, EphA receptors interact with ephrinA and EphB receptors interact with ephrinB ligands. Eph receptors interact with ephrins at the cell surface, triggering bidirectional signaling: forward through Eph receptors and reverse through ephrins. Forward Eph signaling depends on both Eph kinase activity and kinase-independent signals, while reverse ephrin signaling depends on Src family kinases and other effector molecules. In communication between other cell types, activation of ephrin/Eph-mediated bidirectional signaling alters cell adhesion, migration and proliferation. Ephrin-A1 has been shown to regulate cell morphology and motility through the activation of EphA receptors, which signal to the PI3K pathway to induce cell retraction. Ephrin-A1 also serves as an inhibitory substrate for cell spreading and migration. Moreover, Ephrin-A1 treatment results in the dephosphorylation of paxillin and induces the reorganization of phosphopaxillin-containing focal adhesions. The Ephrin-A1 regulated paxillin dephosphorylation is phosphatase dependent, but p85b independent. Bone cells such as chondrocytes, osteoblasts, osteocytes and osteoclasts express ephrin ligands and Eph receptors. Cells of the human osteoblast lineage express most ephrinAs, ephrinBs, EphA2 and EphB2 throughout differentiation\[[@ref62]\]. Treatment of cultured osteoblasts with a specific EphrinB2/EphB4 inhibitor increased RANKL expression\[[@ref63]\]. This suggests that the dependence of osteoclast formation on EphrinB2 may relate to EphrinB2/EphB4 interactions specifically within the osteoblast lineage. This finding is in concern with the low osteoclast numbers in EphB4-overexpressing mice\[[@ref64]\]. Although little is known about function of ephrins and Ephs in osteocytes, these abundant bone cells do express ephrins/Ephs such as ephrinB1, ephrinB2 and EphB4 and blockade of ephrinB2/EphB4 interaction results in decreased expression of sclerostin, a potent inhibitor of osteoblastogenesis. Therefore, osteocytes may communicate bi-directionally with osteoclasts or osteoblasts in response to various stimuli through ephrins/Ephs. Ephrins contribute to osteoblast function, and appear to be necessary for differentiation and possibly communication with the osteoclasts during remodeling\[[@ref63]\]. The restriction of ephrin clustering within the plasma membrane leads to altered signaling, suggesting that the distribution of ephrin receptors modulates the response to extracellular or trans-cellular signals. By this way the continuously changing cellular environment of signals can be adjusted, via mechanical tuning through physical connections, cytoskeleton and substrate.

[Primary cilia *([Figure 4](#F4){ref-type="fig"})*]{.ul}

![Mechanotransduction through integrins and primary cilia. (A) Cell cytoskeleton senses loading at the membrane through integrins that transmit force through ERK, Src and RoA to stress fiber polymerization. (B) Primary cilia may sense flow shear strain, activating ion flux through PC1 and TRPV4, which can activate Stat signals. Cilia also modulate Wnt signaling via non-canonical pathway that leads to β-catenin degradation.](JMNI-16-221-g004){#F4}

Primary cilia consists of a central axis composed of nine microtubules surrounded by a specialized membrane which connected with the cell membrane, but has different characteristics. Primary cilia derive from the basal body, which is a modified structure of the mother centriole. In a recent study deletion of the kinesin family member 3A (Kif3A), a gene that is essential for primary cilia formation lead to a significant decrease of bone formation in response to mechanical load\[[@ref65]\]. Espinha et al\[[@ref66]\], showed an increase in microtubules around primary cilia both with time and shear rate in response to oscillatory fluid flow stimulation. They also showed that the primary cilium is required for this loading-induced cellular response providing a new insight into how cilia may regulate its mechanics and thus the cells mechanosensitivity\[[@ref66]\].

There is a primary cilium in each cell. The primary cilia are adaptive mechanosensors and possess a specific mechanism that can regulate cellular mechanosensitivity. It has been shown that cilium stiffness changes in response to mechanical and chemical stimuli through an acetylation-mediated mechanism by which the cell can regulate ciliary stiffness and in turn, regulate cellular responsiveness. This sensory adaptation occurs on a very short time, making mechanosensors therapeutic targets for disorders involving impaired mechanosensitivity\[[@ref67]\]. It has also been shown that bending of the cilium causes calcium movement intracellularly in kidney cells\[[@ref68]\]. Another interesting study showed that the primary cilium forms a Ca(2+) microdomain dependent on Ca(2+) entry through TRPV4 \[[@ref69]\].

The molecular mechanism of this transport is based on polycystines, which are proteins that concentrate at the base of the cilium. More specifically, polycystine 2 (PC2) is a cationic channel that may be involved in this transfer. Recent data show that they are involved in mechanotransduction\[[@ref19]\], possibly through the release of PGE2 which seems to be independent of intracellular Ca2+ influx and appears to be cilia dependent\[[@ref19]\]. Furthermore, MSCs exposed to conditioned media from mechanically stimulated osteocytic cells showed induction of osteogenic genes, an effect that was abolished when primary cilia formation was inhibited in the osteocyte\[[@ref70]\]. Primary cilia has recognized to modulate Wnt signaling, inducing β-catenin degradation via non-canonical pathway\[[@ref71]\]. Studies have shown that osteocyte primary cilia are exquisitely sensitive to deflection\[[@ref19]\] and tiny, motions may indeed be sufficient to elicit a response. Such motions may be the result of flow on the cilium, flow on the cell body, or relative displacement of the cell body within the lacuna if the distal aspect of the cilium is attached to the mineralized matrix ([Figure 4](#F4){ref-type="fig"}).

[Gap-junctions and Ion channels]{.ul}

Gap junctions are created by connexins. Connexins are membrane spanning protein hexamer complexes, the connexons. Connexons form pores within the plasma membrane of cells. Alignment of connexons with their counterpart on an adjacent cell creates functional connections called gap junctions. The gap junction pore allows for intracellular communication isolated from the extracellular environment, and can pass small molecules (\<1 kDA) including calcium, inositol phosphates, ATP, and cAMP\[[@ref72]\]. Independent of cell-cell gap junctions, connexin hemichannels serve as a portal through which prostaglandins are released from the osteocyte in response to fluid shear stress. Gap junctions found at the ends of cell protuberances of osteocyte and between osteocytes and osteoblasts\[[@ref73]\]. Functional coupling through the existence of a syncytium signaling has been demonstrated in bone cells *in vivo* and *in vitro*. Intercellular communication via gap junctions show that adjusts the bone remodeling signals from osteocytes to the surface osteoblasts. Indeed, the response of bone to biochemical\[[@ref74]\] and electrical stimulation seems to be required functional gap junctions. Further, intracellular calcium signaling due to mechanical stimulation appear to operate with the same mechanism\[[@ref75],[@ref76]\]. Recent data suggest that the ability of osteocytes networks to develop calcium oscillations required gap junctions\[[@ref76],[@ref77]\]. Phosphorylation and functioning gap junction seems to be regulated by mechanical stimulation\[[@ref78]\] and has been associated with the expression of bone matrix genes. It has to be noted that, autocrine/paracrine activation of cAMP/PKA and PI3K/Akt pathways leads to inactivation of GSK3β leading to increased nuclear translocation of β-catenin, which regulates connexin 43 (Cx43) transcription\[[@ref79]\]. Data from Cx43 knockout mice have shown delayed expression of genes coding for bone matrix proteins such as osteocalcin and osteopontin\[[@ref80]\]. The increased expression of connexins *in vitro* and *in vivo* in response to mechanical stimulation suggests that cells create enhanced connections with surrounding tissue to tranfer the mechanical information through the osteocyte network, enabling a cellular "syncytium" operating in a manner similar to neural networks\[[@ref81]\]. While bone has generally been considered a non-excitable tissue, there is an increasing body of evidence suggesting that membrane excitability may subject to mechanical force induced regulation. It is known that membrane depolarization through ion channels is responsible for maintenance of proper electrochemical gradients. Bone cells express several different ion channels involved in force - actinated pathways. Bone cells express several different ion channels involved in mechanosensitive pathways. These include the gadolinium-sensitive stretch-activated cation channels, transient receptor potential (TRP) channels\[[@ref82]\], and the multimeric voltage sensitive calcium channels (VSCC)\[[@ref83],[@ref84]\]. Shear stress-activated cation channels alter membrane potential in response to membrane strecing, causing local depolarizations enabling the activation of VSCCs. Furthermore, VSCCs can independently regulate membrane stretch and shear-induced mechanosensitive events in osteoblasts initiating anabolic signals in response to mechanical stimulation\[[@ref85]\]. While osteoblasts predominantly express the L-type VSCC variant, recent studies demonstrate that the T-type VSCC is the functional subunit found in osteocytes\[[@ref84]\]. Interestingly, the T-type channel in osteocytes was shown to associate with the membrane-anchored extracellular α2δ1 subunit and this association seem to be important for the regulation of stress induced ATP release\[[@ref86]\].

Signal transduction pathways {#sec1-4}
============================

 {#sec2-3}

### Kinase signaling {#sec3-8}

Extracellular forces can activate mitogen activated protein kinase (MAPK) pathways in many cell types. The MAPKs are serine/threonine protein kinases with a fundamental role in the differentiation, proliferation and cell survival. In endothelial cells physical forces can also activate extracellular signal regulated kinases (ERK1/2), p38 families, BMK-1 and c-Jun N-terminal kinases (JNK)\[[@ref87]\]. Studies have shown that when ERK1/2 is activated by external forces in bone cells\[[@ref88]\] causes RANKL down-regulation, increased eNOS protein and MMP-13 expression, leading eventually in decreased osteoclastic activity and increased bone formation\[[@ref89]\]. It has also been shown that activation of ERK in bone cells under shear stress requires ATP dependent activation of calcium channels\[[@ref90]\]. Another serine/threonine kinase with multiple cellular activities, Akt kinase, is also activated by fluid shear stress in bone cells and alters the differentiation process of MSCs leading to increased osteoblast commitment and thereby bone mass. FAK is also connected to other signaling proteins such as the family of Src kinases, the phosphatidylinositol 3-kinases (PIK3) kinases and paxillin\[[@ref91]\]. With these connections, FAK forms networks responding to activation of integrins and transfer signals to other intracellular pathways such as MAPK\[[@ref92]\], ERK, and Akt/mTor/p70S6K pathway enhancing proliferation of osteoblasts. Similarly FAK increases expression of osteopontin, osteocalcin and COX2 in mature osteoblasts, while it is also involved in osteoblastic differentiation by promoting the expression of the transcription factors Runt-related transcription factor 2 (Runx2) and Osterix (Osx), which are considered the key regulators of osteoblastic differentiation and osteogenesis\[[@ref93]\].

### Calcium Signaling ([Figure 5](#F5){ref-type="fig"}) {#sec3-9}

![Schematic of sensors, signaling pathways, and responses involved in osteocyte mechanobiology. Fluid shear stress activates a mechanosensitive calcium channel in the plasma membrane, leading to Ca2+ influx through the voltage sensitive complex. Acting as a second messenger, Ca2+ promotes PGE2 synthesis via ATP and also inhibits NO generation. ERK1/2 induses transcription of Cx43 to form connexin hemichanels for PGE2 and ATP release. The action of canonical wnt on inhibition of SOST gene is also depicted. (see text for details).](JMNI-16-221-g005){#F5}

Intracellular calcium levels are maintained low by mechanisms such as extracellular movement, and transfer to the endoplasmic reticulum. Changes in intracellular calcium levels affect the proliferation, differentiation and mobility in a variety of cell systems. A rapid increase in intracellular levels is evident after mechanical stimulation of bone cells\[[@ref94]\] and calcium channels play an important role in these changes. The signals that cause these changes relate to all forms of mechanical action, e.g stretch of cell membrane, fluid flow or osmotic changes. It is notable that the frequency of changes are more important than the amplitude, since the rest period increases the response of osteoblastic cells to the calcium\[[@ref95]\]. Calcium mobilization activates various routes such as IP3\[[@ref96]\], ATP and nitric oxide\[[@ref97]\]. The intracellular movement of calcium can also activate protein kinase PKA\[[@ref98]\], MAPK and c-Fos. Recent studies have also shown that the release of PGE2 is also dependent on intracellular calcium movement through L-type channels. Based on current knowledge, it is clear that intracellular calcium levels serve in many ways the intracellular activation that occurs as a result of mechanical action.

### G-Protein-Mediated signaling {#sec3-10}

G proteins, also known as guanine nucleotide-binding proteins, are a family of proteins involved in transmitting signals from the exterior compartment into the cell and belong to the larger group of enzymes called GTPases. Mechanical signals has been shown to activate heterotrimeric GTPases via G-protein coupled receptors, stimulating rises in intracellular calcium, cAMP and cGMP. A G-protein-coupled receptor includes a transmembrane receptor and an intracellular G-protein, which is activated through a conformational alteration that occurs with ligand binding or mechanical stimulation. Osteocytes exposed to fluid shear stress showed a transient decrease in cAMP production\[[@ref99]\]. cAMP is catalyzed from ATP via adenylate cyclase (AC), an enzyme that is activated by GTPases. AC isoform 6 has shown to be localized on the primary cilium and the decreases in cAMP levels in response to fluid shear stress were dependent on AC6 activity. Primary cilium-mediated AC6 activation in osteocytes cells regulated COX-2 gene expression and PGE2 signaling. Also, fluid flow activates phospholipase C and initiates IP3 signaling through a G-protein-mediated mechanism leading to COX2 expression. Furthermore, mechanical force can activate RhoA GTPases in MSCs. RhoA has an important role in actin cytoskeletal organization regulating stress fiber formation in response to mechanical strain\[[@ref100]\]. RhoA activity is a further prominent example of mechanically regulated signaling systems that affect MSC lineage commitment and final phenotype underscoring the role of MSCs as a mechanical target determining bone morphology.

### Wnt/β-catenin ([Figure 5](#F5){ref-type="fig"}) {#sec3-11}

The wnt signal pathway is particularly important in bone biology\[[@ref101]\]. Activating mutations of the co-receptor LRP-5 leads to increased bone density, whereas inactivating mutations reduce bone mass favoring fractures\[[@ref102]\]. The downstream effector of the system, β-catenin is the main regulatory element in bone remodeling both in osteoblasts and osteocytes. Studies have shown that β-catenin may be a direct target of mechanotransduction regardless of the classical activation pathway through LRP-5 receptor\[[@ref103]\]. This alternative pathway probably involves the inhibition of the activity of GSK3β through the mTORPs2 activation by mechanical shear stretch. In osteoblasts, β-catenin associates with cadherins on the inner leaflet of the plasma membrane. Fluid shear stress decreases the amount of β-catenin bound to N-cadherin thus increasing the cytoplasmic pool of β-catenin\[[@ref104]\]. The increase in unbound β-catenin coupled with activation of GSK3β and Akt that occurs after fluid shear stress has been proposed as a potential upstream regulator of β-catenin nuclear translocation. Thus, cadherins may serve as launching platforms for β-catenin in response to mechanical stimulation\[[@ref105]\]. Sclerostin, which is constitutively expressed by osteocytes, is a negative regulator of bone formation that acts by deactivating the Wnt receptor. Upon loading, sclerostin expression is down-regulated, effectively increasing osteoblast activity\[[@ref106]\]. Osteocytes may also stimulate local bone remodeling as a consequence of undergoing apoptosis\[[@ref22]\]. Recently it has been shown that fatigue damage in the absence of osteocyte apoptosis is insufficient to induce bone remodeling\[[@ref26]\]. It is now considered that dying osteocytes, act as the signal to target remodeling to regions of cell death\[[@ref107]\].

### Prostaglandins ([Figure 5](#F5){ref-type="fig"}) {#sec3-12}

Prostaglandins and prostacyclin are eicosanoids derived from phospholipids, and play a significant role in the skeletal function. Their levels increase in various load conditions of the skeleton\[[@ref108]\], including the substrate strain, fluid flow, magnetic fields, and hyper-gravity\[[@ref109]-[@ref111]\] and their exogenous administration stimulates bone formation\[[@ref112]\]. Biochemical inhibition of their actions by the administration of indomethacin reduce the adaptive capacity of bone to mechanical loading\[[@ref113]\]. The exogenous PGE2 increases the sensitivity of bone to external loads, demonstrating its role as intercellular messenger for mechanical loading information both *in vitro* and *in vivo*. Similar is also the effects of prostacyclin\[[@ref114]\]. It should be pointed out that the release is parallel to that of NO which makes possible their cooperation in mechanical loading conditions\[[@ref115]\]. Increased gap junctional communication is mediated by PGE2, and mechanically stimulated PGE2 release is reduced in gap-junction-deficient cells, suggesting cross talk between those two systems through connexin hemichannels. The response in osteocytes and osteoblasts appears to occur through different mechanisms and is higher in osteocytes than in other bone cell types. Interestingly, mechanical vibration leads to a reduction in PGE2 release. PGE2 release due to mechanical stimulation has been reported to require a competent cytoskeleton\[[@ref116]\] and is increased with the formation of focal adhesions\[[@ref117]\], although conflicting findings exist\[[@ref45]\]. Expression of the inducible form of the enzyme responsible for PGE2 synthesis (COX-2) is also increased with mechanical stimulation, as well as by estrogen and PTH.

### Nitric oxide {#sec3-13}

Nitric oxide (ΝΟ) is a highly reactive intracellular messenger in many organ systems. It is produced by NO synthase in three isoforms, neuronal (nNOS), endothelial (eNOS) and induced (iNOS). All forms exist in bone cells, but with different representation. The iNOS is present in osteoblasts, but is absent from osteoclasts, while the other two forms exist in all skeletal cells. NO signaling has been implicated in the adaptation of bone to mechanical loading. It has been shown that eNOS knockout mice exhibit reduced bone mass during development due to decreased osteoblastic function. Mechanical stress increases iNOS and eNOS activity *in vivo*, and inhibition of this activity suppresses loading-induced bone formation. *In vitro*, release of NO from bone cells in response to mechanical stimulation has been reported\[[@ref118]\] and has been implicated in MAPK signaling, cytoskeletal adaptation, and possibly PGE2 signaling\[[@ref119]\]. It is noteworthy that the polycystins of the primary cilium have recently been shown to be involved in NO signaling\[[@ref120]\].

### Other factors {#sec3-14}

[Stromal cell--derived factor-1 (SDF-1)]{.ul}

SDF-1 is a protein with 89 amino acids that binds to the membrane receptor CXCR4 activating multiple signaling pathways involving cell adhesion and migration. These paths include FAK, PI3K, MEK and Jak/Tyk. The presence of SDF-1 is necessary for differentiation and recruitment of mesenchymal cells under the influence of BMP-2\[[@ref121]\] and display significant increases in response to treatment with PTH\[[@ref122]\]. The mechanical load increases the expression of the SDF-1 in osteocytes and periosteal osteoblasts and its inhibition slows load-induced bone formation.

[Nucleotide signaling]{.ul}

ATP can function as a cell-cell signaling molecule when released into the extracellular space. ATP binds purinergic receptors which are ligand-gated ion channels that mediate extracellular calcium influx. Purinergic receptors were shown to mediate the propagation of mechanically induced intracellular calcium mobilization from cell to cell in the presence of ATP/UTP\[[@ref123]\]. ATP/UTP has been implicated in mechanically induced activation of MAPK signaling, upregulation of the transcription factor RUNX2, and cellular proliferation. Inhibition of purinergic receptors decreases loading-induced changes in gene expression. There is evidence showing that ATP release, similar to PGE2 release, occurs as a result of the activity of connexin hemichannels\[[@ref72]\].

[Estrogens]{.ul}

Estrogens are important regulators of mechanically induced osteogenesis controlling the adaptation of osteoblasts and osteocytes to mechanical loads\[[@ref124]\]. The mechanisms of action of estrogens can be both genomic, and non-genomic. The non-genomic actions are associated with activation of TGF1 receptors and activation induced by genes, such as COX2\[[@ref125]\]. Another mechanism is also associated with the expression of the sclerostin gene\[[@ref126]\].

This acute down-regulation of the sclerostin seems to be mediated by estrogen Receptor β\[[@ref127]\]. ERa stimulates gene transcription via two activation functions (AFs), AF-1 in the N-terminal and AF-2 in the ligand -binding domain. ERa is required for the osteogenic response to mechanical loading in a ligand-independent manner involving AF-1 but not AF-2\[[@ref128]\]. Recently studies have shown that functional ERα enhances the net-osteogenic response to loading in cortical but not cancellous bone in female mice but reduces it in males. ERβ decreases the response to loading in cortical bone of males and females but has no effect in cancellous bone. Bone loss due to disuse in cortical bone is unaffected by ER status, but in cancellous bone, functional ERα contributes to greater disuse-related bone loss\[[@ref129]\].

Conclusions {#sec1-5}
===========

The musculoskeletal system is constantly under an ever changing environment of mechanical, hydraulic or electromagnetic external or internal loading of varying intensities. This constant need of the body to adapt is carried out by a variety of mechano-sensors and cellular signaling pathways. The diversity of signals received by systems mounted on the cell membrane, such as integrins, the cadherins, the ion channels and cilia, as well as other variations of sensors that shape or stretch the cell membrane. These signals are transferred intracellularly from varied signaling systems of, such as MAPK, β-catenin, the GTPases and affecting the intracellular metabolism, recruitment, integration and proliferation of bone cells determining the way, time and locations of bone reconstruction or repair various damage from fatigue or rupture. It is now clear that little is known about the mechanical side of this system than the biological. The evolving discipline of mechanomics target to the conclusive understanding of the cellular and the pericellular mechanics of bone and other tissues. It is now clear that as little is known in this area of research to yield critical new insights. Recent technological advances have shown impressive progress in bone biology. Micro-fabricated devices have been developed to enable applied, as well as, basic research concerning the biology of the skeleton. As a new technology, microfluidics created an increasing interest in the biological and medical research for requiring less time, reduced sample quantities and low cost. A distinct advantage of microfluidics technology is the precise control and manipulation of fluids that are spatially constrained to a sub-millimeter scale. Thus, microfluidics technology is an ideal tool to study the effects of fluid flow on cells. Finally, the research on the epigenetic mechanisms offers a new approach to the study of mechanobiology. With these new developments we hope that this knowledge will create fascinating ways for development of effective treatments for the global epidemic of osteoporosis and other bone diseases.
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